Purpose Multiple system atrophy (MSA) is a sporadic, late onset, rapidly progressing neurodegenerative disorder, which is characterized by autonomic failure, together with Parkinsonian, cerebellar, and pyramidal motor symptoms. The pathologic hallmark is the glial cytoplasmic inclusion with a-synuclein aggregates. MSA is thus an a-synucleinopathy. Recently, Sasaki et al. reported that heterozygosity for copy number loss of Src homology 2 domain containing-transforming protein 2 (SHC2) genes (heterozygous SHC2 gene deletions) occurred in DNAs from many Japanese individuals with MSA. Because background copy number variation can be distinct in different human populations, we assessed SHC2 allele copy number in DNAs from a US cohort of individuals with MSA, to determine the contribution of SHC2 gene copy number variation in an American cohort followed at a US referral center for MSA. Our cohort included 105 carefully phenotyped individuals with MSA. Methods We studied 105 well-characterized patients with MSA and 5 control subjects with reduced SHC2 gene copy number. We used two TaqMan Gene Copy Number Assays, to determine the copy number of two segments of the SHC2 gene that are separated by 27 kb. Results Assay results of DNAs from all of our 105 subjects with MSA showed 2 copies of both segments of their SHC2 genes. 
Introduction
Multiple system atrophy (MSA) is an adult-onset, rapidly progressive neurodegenerative disease that presents with autonomic failure in combination with Parkinsonism or cerebellar ataxia, and ultimately, pyramidal involvement. Patients are sometimes subclassified as having MSA-P when Parkinsonian features predominate or MSA-C if cerebellar ataxia predominates. Whether these two forms of MSA constitute a single disease or two or more distinct entities must await more fundamental elucidation of the underlying pathophysiology. The neuropathological features consist of neuronal loss in the basal ganglia, cerebellum, pons, inferior olivary nuclei, the intermediolateral column, and Onuf's nucleus typically accompanied by gliosis.
The neuropathological hallmark of MSA is the glial cytoplasmic inclusion (GCI), particularly prominent in the oligodendroglia, but with neuronal involvement as well. These structures contain misfolded, hyperphosphorylated, fibrillar a-synuclein as their main component. Thus the GCIs of MSA, like the Lewy bodies of Parkinson's disease (PD) and Dementia with Lewy bodies (DLB), contain deposits of a-synuclein. Unlike PD and DLB, however, MSA is a primary oligodendroglial a-synucleinopathy that leads to neurodegeneration [14, 22, 23] .
In recent years, genetic alterations associated with MSA-C have been investigated in several families with autosomal recessive inheritance as suggested by affected siblings in three or more families [8, 13, 14, 23] . Studies to determine the molecular basis of MSA targeting the asynuclein, apolipoprotein E, dopamine b-hydroxylase, ubiquitin C-terminal hydrolase-1, fragile X mental retardation 1 and leucine-rich kinase 2 genes did not detect variations that could reasonably give rise to the pathophysiology of MSA [8, 13, 14, 23] . However, Scholz et al. [18] reported a single-nucleotide polymorphism (rs111931074) associated with a-synuclein in pathologically confirmed cases of MSA.
MSA development, however, has been proposed to be associated with polymorphisms in genes involved with inflammatory processes and oxidative stress [3, 4, 8, 11, 12, 20] , but the evidence on this remains limited.
In a recent report, Sasaki et al. [17] described heterozygosity for a SHC-transforming protein 2 (SHC2) gene deletion in a Japanese individual with MSA whose unaffected identical twin did not have a deletion. They also found that 10/31 (32 %) of unrelated Japanese patients with MSA were heterozygous for SHC2 gene deletions based on CAN beadchip and custom tiling microarray analysis [17] . SHC-transforming protein 2 (SHC2) is a 582 amino acid gene product believed to function as a signaling adapter that couples activated growth factor receptors to signaling pathways in neurons, including signal transduction pathways of neurotrophin-activated Trk receptors in cortical neurons.
These findings suggest a potential genetic mechanism for MSA. Heterozygosity for de novo gene deletions could possibly explain the limited familial pattern of MSA commonly encountered by clinicians involved in the diagnosis and care of such patients. For example, in the experience of the Vanderbilt Autonomic Dysfunction Center which has followed more than 400 MSA patients over a period of 30 years, no patient with the MSA diagnosis was known to have a first degree relative who also met the criteria for this disease, though a number had relatives with Parkinson's disease or related disorders.
Copy number variation (CNV) in the human genome has emerged recently as a potential causative mechanism, particularly in neuropsychiatric disease [15, 24] . With studies of increasing numbers of human genomes, large numbers of deletions, duplications and inversions have been found. While most of these are the common and presumably benign polymorphisms, some are rare, large, or even de novo CNVs which have been found to cause a number of complex genetic diseases [16] . In 2007, Sebat [19] reported a ten-fold increase in large de novo CNVs in autism, and others reported similar contributions of CNVs to schizophrenia [9] , epilepsy [7] , bipolar disorder [2] and intellectual impairment of unknown etiology.
The report of copy number loss in some patients with MSA from Hokkaido University is important because it describes how a genetic etiology might exist in some patients with MSA even in the absence of a detectible familial pattern in the clinic. This prompted our group to determine the contribution of SHC2 gene deletions in our MSA patient population. It was recognized that genetic determinants in human populations living for extended periods in different geographic locations might well yield differences in the nature of presentation and genetic/environmental influences in neurodegenerative diseases like MSA. Such potential genetic differences might themselves be informative.
The aim of this study was to determine the contribution of SHC2 gene deletions in a US cohort of MSA patients. Another advantage of our study was our comparatively large MSA patient population.
Methods DNA was isolated from peripheral blood samples of 105 unrelated MSA patients seen at Vanderbilt University's Autonomic Dysfunction Center over the period 1992-2010 [5] . Of 14 patients who ultimately had autopsies, MSA was confirmed by the identification of glial cytoplasmic inclusions in each, suggesting a strong clinicopathological concordance in clinical and pathological diagnosis of MSA in our center. For control purposes, DNA was obtained from five unrelated control subjects, who were known to have a reduced copy number of the SHC2 gene. Written consent was obtained from all participants, in accordance with protocols approved by the Institutional Review Board at Vanderbilt University.
DNA was genotyped for SHC2 gene copy number using TaqMan Gene Copy Number Assays (Applied Biosystems, Foster City, California). Two regions of the SHC2 gene were assayed in each case. FAM dye-based assays Hs04020716 and Hs04032620 targeted SCH2 on locations Chr19:417177 binding at the 5 0 end and Chr19:444480 binding within the middle of the gene, respectively (on NCBI Build37, hg19.v10). A Vic dye-based copy number reference assay against the RNaseP gene (4403326) was used as the internal reference.
Each DNA sample was run in triplicate with each assay repeated twice. Each 20 ll assay contained 20 ng of genomic DNA, 1 ll of the specific TaqMan copy number assay and 1 ll of the reference gene assay and 10 ll aliquots were run on an ABI 7500 real-time instrument using the following thermal-cycling conditions: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Real-time data were collected by the SDS 2.3 software (ABI) and then further analyzed by the Copycaller software (ABI). The method involves relative quantification of the test sequence versus a reference gene known to have two copies per diploid genome. Relative quantity was determined by the DDCt [(FAM Ct -VIC Ct) sample -(FAM Ct -VIC Ct) calibrator] method, where a reference sample or calibrator known to have two copies of the test sequence is used as the basis for comparative results [10] .
Results
In total, 105 patients with MSA (63 men; age 62.9 ± 9.0 years; 42 women; age 57.8 ± 9.0 years were enrolled. Table 1 lists the baseline characteristics of the cases. None of the sample results fell into the ranges expected for heterozygous or homozygous SHC2 gene deletions.
Discussion
Clinical experience in European and US centers where substantial numbers of MSA patients are evaluated has not generally elicited family histories or other evidence suggestive of a significant genetic basis for MSA. However, efforts to elucidate environmental influences leading to MSA have also met with limited success. The vast majority of MSA patients have no first degree family members with illnesses recognizably like MSA. While occasional MSA patients are encountered who have a relative with Parkinsonism, these seem to be no more common in MSA than in patients without neurological disease. Despite this, there are reports of rare familial cases that involved affected sibs (MIM 146500). It is also possible that MSA causing mutant alleles of low penetrance with delayed age of onset and variable expressivity could contribute to MSA but prevent diagnosis of multiple affected family members because of skipped generations, death before onset of signs and symptoms and mild phenotypic expression.
It is recognized, however, that clinical presentation does not always provide strong evidence in some cases. It is noteworthy that 40 years ago, Parkinson's disease was considered to be almost entirely sporadic in nature. However, with increased evidence from GWAS and exome sequencing a dozen or more genes have been identified that convey risk for the disease. It is possible that such observations will emerge with further genetic studies of MSA.
In a recent review of the role of genetics in MSA, Wenning et al. provided substantial, albeit necessarily fragmentary, evidence of a genetic component in the etiology of MSA [21] . Genes involved in oxidative stress, inflammatory processes, and mitochondrial dysfunction, as well as genes implicated in other ataxia-and Parkinsonian neurodegenerative diseases have all been suggested. Nevertheless, while strong evidence exists for involvement of one or more of these proposed genes in other neurodegenerative disorders, definitive evidence has been difficult to find in MSA patients. A recent manuscript by the Multiple System Atrophy Research Collaboration identified an impaired variant of COQ2 with strong association to MSA in multiplex families and sporadic MSA patients in Japanese but not North American or European patients [25] . Taken together these observations require that the contribution of CNVs to MSA be carefully studied in multiple genetic backgrounds. Fundamentally, disease-related CNVs presumably can operate by dosage sensitivity, at the simplest level, but it remains unclear how specific CNVs can result in such disparate phenotypes. However, several aspects already seem clear in certain well-studied instances mentioned above [24] . In certain cases, CNV breakpoints may not be mapped to the nucleotide level, so overlapping variants could exhibit different phenotypes. Also, a CNV deletion could unmask a recessive variant on the trans allele or there could be cis effects where the CNV influences the expression of nearby loci.
Alternatively, as in known imprinting disorders, the loci within the CNV may exhibit parent-of-origin effects with consequent differing levels of expression of the now hemizygous genes on the second allele. Another possibility is that there are disease-associated CNVs, which could lower susceptibility thresholds depending on the genomic background and/or environmental influences resulting in phenotypes on a clinical continuum. Eichler [6] has, for example proposed a two-hit model. Here a second CNV, elsewhere in the genome, influences penetrance and expressivity of the first CNV. Evidence for this model is best illustrated by a 600 kb microdeletion at 16p12.1 that has been found in children with intellectual disability and/or autism. Unlike the most disease-associated CNVs, the 16p12.1 deletion is rarely de novo, being inherited from one parent in 95 % of the cases. The carrier parent, while cognitively intact, might display milder phenotypes such as depression, or mild learning disability. In 25 % of cases, the child with the more severe phenotype has a second large CNV elsewhere in the genome, a 40-fold increase over the predicted rate. The key element may paradoxically be that instead of a second CNV, a second conventional mutation elsewhere in the genome tips the balance to a severe phenotype through gene-gene interactions.
Clearly, genetic studies on CNVs influencing neurological diseases like MSA may provide analogous possibilities. The report of Sasaki et al. [17] of heterozygosity for an SHC2 deletion in a Japanese individual with MSA whose unaffected identical twin sibling did not have a deletion provides another potential explanation of the lack of apparent Mendelian inheritance, e.g., the occurrence of new mutations as evidenced by a discordant identical twin. Thus, some cases of MSA might arise due to de novo SHC2 gene deletions. These patients would have no family history in preceding generations and the reduced and delayed penetrance could greatly reduce the chances of detecting MSA in any of their offspring. Finally, environmental and/or additional genetic factors may be necessary to trigger MSA and these might have somehow eluded investigators.
Our results are based on TaqMan Gene Copy Number Assays. This assay is a robust method to determine copy number variations and provides a rapid, relatively inexpensive alternative to the methods used by Sasaki et al. [1, 12, 17] . The heterozygous copy number deletions in the SHC2 gene of our control samples displayed similar to the results of the MSA patients found in the Sasaki et al. [17] manuscript. Currently, only Sasaki et al. [17] have reported SHC2 gene deletions in MSA. We infer that their subjects were of Japanese extraction, while our subjects were 94 % or North American Caucasians and 5 % of African American. Only one individual of Korean American extraction was included in our population. Our lack of Asian, much less Japanese, subjects may be an important factor in our failure to find any SHC2 deletion heterozygotes. Negative data in our distinct American population does not detract from the important discovery by Sasaki et al. [17] in the Japanese MSA population.
The mean age of onset of MSA is about 53 years, and no proven case has had onset earlier than age 30 years. Onset after age 75 years is uncommon, but cases over this age are seen. Both genders are affected equally. The annual incidence rate for all subjects is 0.6 cases per 100,000, but for subjects above age 50 years, the incidence rate is 3 cases per 100,000. The population prevalence of MSA has been estimated at 4-16 per 100,000, although with wide confidence intervals. In case series from Europe and North America, MSA-P cases predominate in a ratio of about 4:1; however, in Japan, MSA-C cases predominate [5] . This difference in the proportions of MSA-P and MSA-C cases might contribute to some of the differences in data we report, but likely other factors are also involved.
Two additional factors could possibly contribute to the different outcomes of our studies. First, the criteria for diagnosis of MSA may differ. While, we and Sasaki et al. used contemporary guidelines for diagnosis [5] there may be subtle phenotypic differences beyond that of MSA-P and C presentations. Importantly, none of our results suggest a change in the SHC2 gene copy number when compared to the internal reference (RNaseP gene).
In summary, our data do not support SHC2 gene deletions as a significant genetic susceptibility factor in MSA with respect to North American subjects. All things considered, findings from this study should elicit further exploration of genetic and environmental factors that may convey risk of MSA, and the copy number variation may constitute an important new tool in understanding the nature of MSA.
